Many polyhydroxyalkanoates (PHAs) system genes, such as phaC, phaA, phaB, phaR, phaP and phaZ, are often found to be organised in the form of operon-like clusters. In this study, a genome survey was performed to identify such clustered PHA systems among 256 prokaryotic organisms. These data were then used to generate a comprehensive 16S rRNA species tree depicting the phylogenetic distribution of the observed clusters with diverse gene arrangements. In addition, the gene occurrences and physical linkages between PHA system genes were quantitatively estimated. From this, we identified a centrally connected hub gene, i.e. the phaC gene of PHA. Furthermore, a comparative investigation was performed between the clusters of PHA and glycogen, which decoded the role of the hub gene in the cluster organisation of both systems. Together, these findings suggest that the highly connected hub gene might contribute substantively towards the organisation and maintenance of the gene network connectivity in the clusters, particularly in the storage reserve systems.
INTRODUCTION
Polyhydroxyalkanoates (PHAs) comprise a family of naturally occurring intracellular polyester inclusions widely found in prokaryotes. Generally, unfavourable growth conditions such as heat shock, oxidative stress, and nutrient imbalance (either nitrogen or phosphorus starvation) trigger prokaryotic organisms to store excess carbon nutrients in reusable form as PHAs (Madison and Huisman 1999; Jendrossek 2009 ). The majority of PHAs are composed of 3-hydroxyalkanoic acid (3HA) monomers ranging from 3 to 14 carbon atoms (C3 to C14), with a variety of saturated or unsaturated and straight or branched chains containing aliphatic or aromatic side groups (Madison and Huisman 1999) . Within the PHA family, the simplest member, tions such as synthesis, regulation and degradation are enclosed in boxes and are classified as: PHA polymerase-phaC (class I and II), phaC-phaE (class III), phaC-phaR (class IV); precursor-generating enzymes-phaA (acetyl-CoA acetyltransferase), SDR (acetoacetyl-CoA reductase (phaB), enoyl-coA hydratase, 3-hydroxybutyrl dehydrogenase); transcriptional regulation-phaR, phaQ, phaF, aniA; surface proteins-phaP, phaI, phaM, phaD; degradation-PHA depolymerase (phaZ) , oligomer hydrolase (oh), dehydrogenase (dh). (b) List of identified PHA cluster structures of R. eutropha, B. subtilis and P. putida.
polyhydroxybutyrate (PHB), represents one of the most extensively studied polymeric materials. A simple overview of the PHB synthesis pathway is depicted in Fig. 1a . The first step of the pathway is catalysed by the product of the phaA gene, which converts two molecules of acetyl-CoA to acetoacetyl-CoA. The phaB gene product acetoacetyl-CoA reductase enzyme, member of short-chain dehydrogenase/reductase (SDR) superfamily, catalyses the second step to produce 3-hydroxybutyryl-CoA. In the final step, the phaC gene product PHA synthase polymerises 3-hydroxybutyryl-CoA monomers to generate reserve material in the form of spherical inclusions (Madison and Huisman 1999; Jendrossek 2009 ).
The genes encoding the entirety of the PHA protein machinery are listed in Fig. 1 . The functions are defined as follows. (i) Synthesis: PHA synthase represents the key enzyme in PHA synthesis. Four different classes of PHA synthase with diverse substrate specificity are present in prokaryotes. Class I (e.g. Cupriavidus necator H16), Class III (e.g. Allochromatium vinosum) and Class IV (e.g. Bacillus megaterium) PHA synthases polymerise the CoA thioesters of short carbon chain length hydroxyalkanoic acids (C3-C5) as substrates. In contrast, Class II PHA synthases (e.g. Pseudomonas oleovorans) polymerise the CoA thioesters of medium carbon chain length hydroxyalkanoic acids (C5-C14) as substrates (Rehm 2003) . (ii) Precursor-generating enzymes: metabolic pathways involving fatty acid oxidation and amino acid synthesis supply the necessary 3HA monomers for the accumulation of polymeric inclusions (Madison and Huisman 1999; Jendrossek 2009 ). More specifically, the significant roles of the enzyme members of the SDR superfamily ( Fig. 1) and of acetoacetyl-CoA transferase have been extensively studied in PHA production (Fig. 1a) . (iii) Surface proteins: a group of hydrophobic surface proteins or inclusion-associated proteins, such as PhaP, PhaM and PhaI, are consistently found to be embedded in polyester inclusions. These have been shown to influence the rate of production and morphology of PHA inclusions, thus defining the amount of accumulated polymer (Wang et al. 2007; Jendrossek 2009; Wahl et al. 2012) . (iv) Transcriptional regulators: in the PHA system, two different transcriptional regulators: PHA dependent and PHA independent have been reported. Transcriptional regulators such as PhaQ, PhaR and PhaF are PHA dependent (Prieto et al. 1999; York, Stubbe and Sinskey 2002; Jendrossek 2009) , whereas the AniA protein is a PHA-independent regulator (Encarnación et al. 2002) . PHA-dependent regulators have been shown to regulate the expression of proteins including synthase and surface proteins (PhaP) (Prieto et al. 1999; Jendrossek 2009 ). In contrast, PHA-independent regulators play important roles in controlling the acetyl-CoA flux during PHA production (Encarnación et al. 2002) . (v) Degradation: when carbon sources become limited in the environment, organisms begin to degrade their PHA energy storage reserve for survival (Madison and Huisman 1999) . The PHA-specific intracellular depolymerase protein PhaZ breaks down the polymeric inclusions back to 3HA monomers. These monomers are subsequently converted enzymatically to acetyl-CoA, which can then enter into the Krebs cycle and various biosynthetic pathways (Madison and Huisman 1999; Jendrossek 2009 ).
Several comprehensive investigations in PHA model organisms such as C. necator H16, B. subtilis, P. aeruginosa, Synechocystis sp., and A. vinosum have demonstrated that the genes encoding these PHA proteins are often organised in close proximity to each other forming a cluster (McCool and Cannon 1999; Taroncher-Oldenburg, Nishina and Stephanopoulos 2000; Peralta-Gil et al. 2002; de Eugenio et al. 2010) . Some examples of PHA clusters are illustrated in Fig. 1b . Notably, the identified clusters are highly likely to contain operon structures. For example, transcriptional studies in the clusters of Bacillus and Ralstonia species have found the co-expression of PHA synthase and SDR family proteins, as representative of the well-known operon assembly (Madison and Huisman 1999; McCool and Cannon 1999) . Conversely, the expression of genes encoding surface proteins and transcriptional repressors are transcribed separately with independent promoters, although their regulation is associated with PHA production (Jendrossek 2009 ). Furthermore, the heterologous expression of these clusters leads to the production of PHA in the host organisms (Li, Zhang and Qi 2007) .
However, despite the larger number of newly available prokaryotic genomes, no reports have substantively revised the evolutionary profile of PHA clusters. Thus, this manuscript presents the first study to perform a large-scale PHA gene cluster analysis of prokaryotic organisms. Here, we analysed operons and operon-like clusters within the limited focus of identifying new PHA gene clusters and examining their structure and distribution within prokaryotes. We performed a systematic search to examine PHA cluster structure diversity and its relationship with species diversity, and ascertained the presence of transcriptional regulators and genes typically involved in biosynthetic pathways, as well as of other potential components. This study also utilised the physical linkage data of PHA genes to examine the biological significance of key gene(s) in the possible networking of pathway genes and the transfer of clusters between different prokaryote families.
MATERIALS AND METHODS

Locating PHA clusters and adjacent genes
For completeness, we automatically determined the likely presence of PHA metabolic pathways for all sequenced prokaryote species using the KEGG gene cluster server (Kanehisa and Goto 2000) . Subsequently, we used a BLAST-based similarity search strategy where we extracted all the known PHA genes from these initially identified genomes and used them to find cluster homologs in other completed bacterial genomes (Altschul et al. 1997) . These additional bacterial genomes were then downloaded from GenBank, bringing the total number of genomes in the dataset to 256.
Phylogenetics, molecular evolution and physical linkage
Multiple sequence alignments of DNA or protein sequences were conducted in Clustal W with default settings (Larkin et al. 2007) . Phylogenetic trees of 16sr RNA and protein sequences were estimated using the maximum likelihood (ML) method. The optimal nucleotide and protein phylogeny models, required for ML phylogeny, were generated in ModelTest and the ProtTest Server (Abascal, Zardoya and Posada 2005; Posada 2006 ). ML trees were constructed with the GARLI web service (Bazinet, Zwickl and Cummings 2014) using the Jones-Taylor-Thorton method of substitution for protein and the GTR+Inv gamma method for 16S rRNA. Statistical support for the trees was obtained by bootstrapping 1000 iterations. The consensus tree was visualised with Figtree (http://tree.bio.ed.ac.uk/software/figtree/). Later, a custom program based on Excel-mathematical workflow was developed to study gene physical linkage (see Supplementary data, Supporting Information).
RESULTS AND DISCUSSION
Comparative analysis of conserved clusters across prokaryotes
To address the diversity of PHA clusters, a genome survey of 256 prokaryotic organisms was performed. The dataset of PHA clusters was collected from the KEGG database. To note possible variation in the PHA clusters, 103 organisms were randomly selected. As shown in Fig. 2 , the clusters were arranged collectively in accordance with 16S rRNA phylogeny and compared with PhaC protein phylogeny. It can be seen from Fig. 2a that the relationships between phylogeny and gene clusters vary tremendously across the prokaryotic tree of life. This presence of variation in the gene organisation clearly underlines the evolutionary importance of clustering these genes and therefore correlates with evolution in general (Price, Arkin and Alm 2006) . Furthermore, the gene arrangement is not conserved and exhibits diversity among organisms. Thus, the identical clusters reported in this dataset are present only in closely related organisms; for example, identical clusters are found between different species of Bacillus. In several instances, the individual cluster locations contain only a subset of the cluster genes and may be disrupted by uninvolved genes (Fig. 2a) . Additionally, gene-propagating elements such as transposons, recombinases and integrases were found either inside or in the close vicinity of the clusters, which can be considered as evidence for gene rearrangements and suggests that the clusters have been extensively shaped by horizontal gene transfer (HGT) (Roth et al. 1996 ; Ochman, Lawrence and We next classified the predominantly conserved patterns of gene organisation that are found across bacterial tree into the cluster groups. This classification was performed to simplify the diverse clusters and was based solely on the association of genes encoding proteins involved in the synthesis, structure, transcriptional regulation and degradation of PHA.
Group I clusters included those organisms in which genes such as phaC, phaA and SDR, which are required for PHAs production, are clustered. These gene clusters were both common and well conserved in the bacterial order Burkholderiales (betaproteobacteria); e.g. Cupriavidus necator H16 and Pandoraea apista. Earlier, the cluster related to this group had been considered as complete phaCAB operons by Madison and Huisman (1999) . Here, this gene organisation is termed as the 'metabolic cluster'. In addition, phaR was often seen to be associated with Rhodospirallales were utilised for this analysis. A 16S rRNA ML phylogenetic tree showing the distribution of group IV cluster is presented. The presence of intervening genes between the phaBA and aniA genes is indicated, especially among Rhodospirillaceae. These intervening genes possibly have been eliminated by deletion, and the complete phaBAR cluster might then have been transferred consecutively to the remainder of the indicated organisms. metabolic cluster components in genera such as Ralstonia, Pandoraea and Burkholderia.
Group II clusters, otherwise termed as 'structural clusters', included only organisms from Firmicutes (Bacillus) carrying a cluster of genes formed of phaC, SDR, phaQ and phaP.
Group III clusters included organisms carrying gene containing phaC, phaP, phaF and phaZ in their genome. Well-represented organisms with this cluster type are from gammaproteobacteria (pseudomonads) and Rhodobacterales (e.g. Paracoccus aminophilus, Rhodobacter sphaeroides and Jannaschia sp. CCS1). As these clusters contain both the genes for phasin (with a morphological role) and depolymerase (for polymer break down), they were termed as 'recycling clusters'.
Group IV cluster includes genes of metabolic enzymes (phaA, phaB) and a transcriptional repressor gene (aniA), which encodes the acetyl-CoA flux regulator. In this very first study, we identified the broad distribution of this cluster type in alphaproteobacteria organisms of order Rhizobiales (Aurantimonadaceae, Hyphomicrobiaceae, Bradyrhizobiaceae, Phylobacteriaceae, Rhizobiaceae, Xanthobacteriaceae, Methylobacteriaceae, Rhodospirillaceae and Caulobacteraceae). As shown in Fig. 3a, 16S rRNA phylogenetic tree of alphaproteobacterial organisms is drawn to demonstrate the wide distribution of this specific cluster type. Notably, within the presented families of alphaproteobacteria, the cluster genes share the same orientation (Fig. 3) . In this cluster type, the phaA and phaB genes were shown to be coexpressed with aniA being transcribed separately (Encarnación et al. 2002) .
Notably, none of this broad set of clusters carries a complete set of PHA genes. As this investigation was primarily focused on the demonstration of the existence of diverse PHA clusters, it was not intended to study how the clusters might have arisen or how the genes might have been shared among the various clusters. However, some previous studies have demonstrated that the genes involved in PHA metabolism had undergone independent evolution and possess a much greater degree of difference compared to that of other genes such as is observed in 16S rRNA phylogeny (Kalia, Lal and Cheema 2007) . Analysis related to these questions will be addressed in future studies.
Actinobacteria and pseudomonas represent close relatives via class II PHA synthase
It has been found that majority of class II PHA synthase proteins belong to the organisms in the group of actinobacteria, alphaproteobacteria, betaproteobacteria and gammaproteobacteria (pseudomonads). Among class II synthase proteins, those of pseudomonads are widely studied. Various studies have inferred PhaC protein phylogeny but none have reported the relationship between Class II synthases. In the current study, it can be observed from the PhaC protein phylogeny (Fig. 2b) that the II PhaC synthase proteins of Pseudomonas species (gammaproteobacteria) exhibit substantial similarity and form a sister clade with the actinobacteria group (Fig. 2b) . This supports that gene acquisition must have occurred via a common ancestor during the early evolution of class II PHA synthase proteins, followed by subsequent protein divergence. This is consistent with previous reports indicating a shared evolutionary history between these two bacterial groups. Primarily, the relationship between actinobacteria and gammaproteobacteria is supported by the high G+C content in their DNA (Abby et al. 2012; Tamminen et al. 2012) . Additionally, evidence presented by Tamminen et al. (2012) has indicated the lateral transfer of many genes between these groups, especially of antibiotic resistance genes, further highlighting the likelihood of a shared common ancestor. Subsequently, we identified 14 clusters with conserved gene order and function among the pseudomonads species fluorescens, syringae, aeruginosa and putida. Within the clusters, all genes share the same orientation, indicating that the organisation is highly preserved. This gene order conservation probably indicates the influence of lateral gene transfer events between the species (Tamames et al. 1997; Ragan 2001 ).
Comparative analysis of gene occurrences in the clusters
We next examined how often the individual genes constituted part of the identified 256 clusters. Figure 4a shows the distribution of gene occurrences in clusters. In particular, the polymerase gene phaC is always found within the clusters (Kalia, Lal and Cheema 2007) , whereas the remaining genes present in the cluster are widely distributed at various proportions with most of these homologs not being found in clusters but rather individually. SDR protein family genes were identified 141 times in the clusters representing slightly more than 50% of the total cluster instances. In accordance with previous reports in Bacillales and Burkholderiales, SDR genes localised in operons were coexpressed with polymerase gene (Madison and Huisman 1999) . Similarly, a transcriptional repressor gene was also observed in the majority of clusters. It was found in 100 clusters and represented the third most gene in the examined organisms' clusters. The phaA gene was found in 15% of clusters and a member of the surface protein gene family was found in 17%. Genes least likely to be found in the clusters were classified as degradation genes and were found only in 13% of clusters. This gene occurrence study further supports the concept that the majority of the PHA clusters constitute mostly genes corresponding to metabolic and structural clusters. Exceptional cases, such as in the genus Pseudomonas and its species, might be counted as clusters carrying degradation genes. Thus, the genes involved in synthesis are preferentially located in clusters compared to those involved in degradation.
Physical linkage of PHA genes in the clusters
Subsequently, the relationships among the PHA genes in the cluster network were examined. As a measure of these relationships, we quantitatively estimated the possible physical linkages of genes in the identified clusters (Dandekar et al. 1998; Potter, Muller and Steinbüchel 2005) . Special attention was paid to indicate how many times each gene was found to be possibly linked with other genes in the cluster. A network map, as shown in Fig. 4b , was drawn from the estimated gene physical linkages of the PHA clusters. The linkage map clearly shows that the phaC gene is often seen to be combined with the other PHA-specific genes in the cluster. It can be explained from the network map that 'the wide distribution of the polymerase gene grants it a unique position as a core genetic component in PHA clusters'. Other various connection matrix of genes are revealed and among them the genes encoding acetyltransferase, SDR family, and transcriptional repressor proteins appeared to be clustered together and conserved in large numbers of organisms. Notably, these genes tended to be linked in cluster with a highly conserved pattern (Fig. 2a) regardless of functionality. The frequent clustering of phaC and phaB genes together in the network map is also noted. Besides, the other majorly conserved linkage is seen between the genes of transcriptional repressor, surface proteins and degradation proteins. Various reports have already observed severe defect in the PHAs of bacterial mutants in which any of these genes had been markedly compromised (York, Stubbe and Sinskey 2002; Potter, Muller and Steinbüchel 2005; de Eugenio et al. 2010) . The essential role of these proteins in PHA system either through direct or indirect involvement demands the requirement for their conserved transmission to descendants to retain efficient PHA production and assimilation. This explains the possible need for an evolutionary event, as under any given strong selective pressure, to cluster these PHA-specific genes to maintain a balanced PHA pathway (Fig. 1a) .
Possible interpretations from our observations
Considering the likely importance of evolutionary trajectories of PHA clusters, some explanations for the possible central role of phaC gene in the formation of PHA clusters are presented as follows. The vertical box indicates the hub gene for each of the PHA (phaC) and glycogen (glgA) systems. Despite the gene order and orientation, respective pathway genes are organised upstream and downstream to hub gene, which is depicted to favour the cluster formation. (I, II, III represent PHA cluster types; glgB-1,4-alpha-glucan branching enzyme; glgP-glycogen phosphorylase; glgC-adenyltransferase; glgE-glucanase; glgX-glycogen debranching enzyme; malQ-4-alpha-glucanotransferase).
Hub gene and cluster organisation
Two significant points are noted. (i) A global view of the network map (Fig. 4b) provides the impression that the establishment of physical linkage between PHA genes in the cluster possibly only occurs through phaC as the network core. Also, it is indicated clearly in Figs 4b and 5a that all typical PHA genes are linked through phaC gene in group I, II and III clusters. From this, we oversee a probable involvement of hub gene phaC in the connectivity of PHA genes. For example, many dispersed clusters of the PHA-specific phaA and phaB genes were found, as can be seen in Fig. 2a . From our point of view, any of these subsets of genes would likely have clustered originally with phaC (e.g. phaC and phaB, Fig. 4b ) and remained linked, while the remaining genes were moved closer to the cluster. Similarly, in most cases we were able to observe the phaC and phaB genes forming an operon, whereas other pathways genes such as phaR and phaP are clustered closer to it (either downstream or upstream to phaC gene), likely via horizontal transfer (Figs 2a and 5a) (Hughes 2000; Ochman, Lawrence and Groisman 2000; Price, Arkin and Alm 2006; Price, Dehal and Arkin 2008; Osbourn and Field 2009 ). As demonstrated in prior studies (Hughes 2000; Ochman, Lawrence and Groisman 2000; Price, Arkin and Alm 2006; Davids and Zhang 2008; Osbourn and Field 2009) , the presence of regions related to transposons, recombinases and invertases (Fig. 2a) supports such events for the movement of genes to form clusters. Hence, during evolution, these dispersed genes and clusters would have become linked via the phaC gene.
Moreover, the average numbers of connection between PHA genes were high, with phaC gene serving as the network core. This conclusion is largely supported by the physical connection between PHA genes encoding SDRs and transcriptional repressors in the clusters (Fig. 4b) . These data infer a strong correlation between the networking of PHA genes and polymerase genes during clustering. This reflects a positive role of the phaC gene in connecting the whole network and as well as in cluster organisation. Thus, we envision that PhaC synthase might represent a central connecting hub gene that acts as a bridge or pipeline to establish a linkage between PHA genes, forming a cluster. To this end, we highlighted that the number of events must have been coordinated to move PHA pathway genes to the vicinity of the hub gene (phaC) during cluster formation. However, group IV cluster represents the only instance where phaC gene was not found clustered. This could either be a result of unknown selective pressure during evolution or a conserved evolutionary event involved in the process of shaping clusters, which must be investigated in detail.
(ii) Later, we did a brief comparison of gene clusters of glycogen (obtained from KEGG database) and PHA systems (Fig. 5) to address whether other metabolic networks have undergone a similar manner of gene organisation. The comparison is proposed to speculate that genes encoding key polymerizing enzymes such as PHA synthase (phaC) and glycogen synthase (glgA) would serve as hub gene. It is important to represent here that the glycogen system genes (glgB, glgP, glgC, glgE) are organised in close proximity to the glycogen synthase gene, glgA (Fig. 5b) (Kiel et al. 1994; Montero et al. 2011) . This arrangement looks reasonably comparable to that in PHA clusters, where the PHA genes are organised near to the polymerase gene. As in the PHA clusters, we identified many dispersed glycogen system genes that likely would have rearranged with the glgA (hub) gene to form clusters during evolution following the previously mentioned events. This again extends the probable role of the hub gene in the framework of clustering pathway genes, especially in storage reserve systems. Notably, this exploration identified that carbon storage systems, PHA and glycogen, are likely to be connected in the code of network design through hub gene. The given evidence (Fig. 5 ) further suspects that a significant role might be played by the respective hub genes in the cluster formation of other systems such as alginate, xanthan or cellulose, which demands extensive studies to comprehend it (Rehm 2010) .
Based on this, we propose a hypothetical and plausible evolutionary event, wherein a single hub gene of any given biological system significantly influences in the framework designation of clustering pathway genes. This hypothesis demands future tests to comprehend how this framework design contributes to thermodynamic advantages, geometric distributions and rate of adequate gene expression in clusters and its formation.
Hub gene and cluster maintenance
Previously, we indicated that genes encoding hub enzymes were highly conserved and are expected to play a role in the formation of clusters. Subsequently, we predicted the importance of such centrally connected genes with respect to cluster conservation and transmittance. According to natural selection, if a gene provides beneficial influences to an individual prokaryote, then it would be highly transmitted to a large number of populations via HGT. Usually, the pathway genes associated with this gene would need to be obtained by the same individual to restore the entire functionality of the system. For that purpose, these genes are usually clustered with the hub gene. In the process of propagation and maintenance, functionally related genes co-localised with the indispensable hub gene are automatically transferred to the subsequent offspring. Therefore, natural selection allows both the transfer of the hub gene and of its associated genes as well. By these means, the whole functional system can be easily retained and loss of system parts could be reduced. Thus, another important development in our understanding was that the pairing of similar pathway genes with the hub gene confers an adaptive advantage towards cluster maintenance. Therefore, a centrally connected gene ensures the conservation of a complete system within the wide population of organisms.
Taking together, the data from our analysis indicate that the broad distribution of the hub gene favours the clustering of system genes and highlights the biological significance of hub genes in the conservation of reserve storage systems.
CONCLUSION
From this first study on the evolutionary history of PHA gene cluster organisations, the phylogeny and physical linkage demonstrated the existence of a hub gene 'phaC polymerase' acting as a key factor in the cluster organisation, in which HGT events extensively contribute to rearrange other PHA genes closer to it. This finding provides new insights on how a gene component of biological system may promote cluster formation, and its concurrence with glycogen system clusters comprehensively supports the role of hub gene in clusters' formation. This majorly highlights the potential for the development of novel roles of key gene(s) in evolution. Future investigations involving newly identified gene clusters in various bacteria and their associations between the organisms by evolutionary geneticists and biologists will likely lead to further insights into the evolution, regulation and function of these clusters.
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